Abstract: Terrain affects optical satellite images through both irradiance and bidirectional reflectance distribution function (BRDF) effects. Slopes facing the sun receive enhanced solar irradiance and appear brighter compared to those facing away from the sun. For anisotropic surfaces, the radiance received at the satellite sensor from a sloping surface is also affected by surface BRDF which varies with combinations of surface landcover types, sun, and satellite geometry (sun and sensor view, and their relative azimuth angle) as well as topographic geometry (primarily slope and aspect angles). Consequently, to obtain comparable surface reflectance from satellite images covering mountainous areas, it is necessary to process the images to reduce or remove the topographic effect so that the images can be used for different purposes on the same spectral base. The most common method of normalising for the topographic effect is by using a Digital Surface Model (DSM) and / or a Digital Elevation Model (DEM). However, the accuracy of the correction depends on the accuracy, scale and spatial resolution of DSM data as well as the co-registration between the DSM and satellite images. A physics based BRDF and atmospheric correction model in conjunction with the 1-second SRTM (Shuttle Radar Topographic Mission) derived DSM product released by Geoscience Australia in 2010 were used to conduct the analysis reported in this paper.
INTRODUCTION
Topographic correction of satellite images over mountainous or hilly areas is very important (Liang, 2002) . Hill and mountain terrain affects optical satellite images through both irradiance and BRDF effects (Dymond et al., 2001) . Slopes facing toward the sun receive more solar irradiance and appear brighter in satellite images than those facing away from the sun (Shepherd and Dymond, 2003) . For anisotropic surfaces, the radiance received at the satellite from sloping surfaces is also affected by surface BRDF which results from surface landcover structure interacting with the sun and satellite geometry (sun and view and its relative azimuth angle) as well as topographic geometry (e.g. slope and aspect angles). All of these affect the inversion of land surface parameters and applications that aim to detect land surface change through time series analysis.
The availability of good quality Digital Surface Models (DSMs) and Digital Elevation Models (DEMs) to the public enables the routine application of topographic correction. A variety of advanced topographic correction algorithms based on DSM/DEM data have been developed (Teillet et al., 1982 , Richter, 1997 and Shepherd and Dymond, 2003 , Li et al., 2010a . However, for the DSM/DEM based algorithms, the accuracy of the correction depends on the accuracy of the DSM data, its spatial resolution and scale, and the unavoidable levels of mis-registration between the DSM and satellite data. In this study, the impact of DSM on the topographic correction of satellite data was investigated.
METHOD SELECTED FOR THE STUDY
A physics based coupled BRDF and atmospheric model for both flat (horizontal) and rugged surfaces developed by Li et al. (2010a) is used in this study.
For anisotropic surfaces over mountainous or hills area, the radiative transfer model from Li et al., (2010a) can be expressed as:
Where L TOA is sensor radiance, L 0 is path radiance, T V is total transmittance in the view direction, E, E dir and E dif are total irradiance, direct component of irradiance and diffuse component of irradiance on a sloping surface, respectively, i t and e t are incident and exiting zenith angles between the sun and view directions and surface normal, δφ t is the relative azimuth angle between incident and exiting directions in the slope geometry and δφ t =|φ i -φ v |. φ i and φ v are the azimuth angle for incident and exiting direction in the slope geometry, ' , ρ ρ and ρ are surface hemispherical-directional, directional-hemispherical and hemisphericalhemispherical reflectance (or bi-hemispherical) factors, respectively, and S is atmospheric albedo which is the bi-hemispherical ratio between upwelling radiation from the surface and the downwelling radiation. f V and f S are defined as:
Where t S and t V are direct transmittance in the solar and view directions. t d (θ S ) and t d (θ V ) are diffuse transmittance in the solar and view directions; T S is total transmittance in the sun direction.
STUDY AREAS AND DATA USED
The Australian Alps and Blue Mountains in New South Wales (NSW) were the two areas selected for this study as these two regions cover some of the highest terrain in Australia.
A area, no radiosonde data was available for locations within the same scene, therefore data from the nearest meteorological station (Wagga Wagga) was used. The total precipitable water content comparison between the NOAA NCEP (National Centers for Environmental Prediction) reanalysis product (Kalnay et al., 1996) and Wagga Wagga radiosonde data shows that they are very close. Since the water vapour has a relatively minor impact on the Landsat visible and shortwave reflectance retrievals, the Wagga Wagga radiosonde data is sufficient to be used in the south of Blue Mountains areas.
The aerosol data were obtained from the local Aeronet station in Canberra (http://aeronet.gsfc.nasa.gov). The geographical location for this station is 149. BRDF parameters were obtained from the MODIS BRDF model product (Schaaf et al., 2002) which is the result of fitting a model to atmospherically corrected MODIS data over a 16-day compositing period. A combination of the Ross Thick volume kernel and the Li-sparse Reciprocal (Schaaf et al., 2002 ) geometric kernel models was used to approximate these data. Following Li et al. (2010b) , the BRDF shape is defined for large regions (regional scale); for this study, the average value over the Landsat scene extent was used.
High quality DSM data are very important for physically based terrain illumination correction. Geoscience Australia and CSIRO have released the 1-second Shuttle Radar Topographic Mission (SRTM) derived DSM and DEM of Australia in February, 2010 (Geoscience Australia and CSIRO Land & Water, 2010) . The DSM data are designed to serve different purposes and one of these is where radiation is obstructed by the roughness surface rather than the soil surface. However, we found that DSM data needed to be pre-processed before being applied in terrain correction. Various artefacts in the DSM data, which can have a significant effect on slope and aspect, need be removed or reduced. In this study, the DSM data were first median filtered to remove outliers that seem to occur in SRTM data and have a serious effect on calculations of slope and aspect. It was then smoothed to a minimal level using a 3 by 3 Gaussian filter to remove digitization effects. The digitisation effects are due to SRTM data originally having 1 metre precision. It was then resampled to Landsat resolution using the bilinear method and finally Gaussian smoothed with width of 5 pixels to bring the scale to the level (50 metres correlation length) judged best in this case for the correction. The appropriate scale for the correction is hillslope scale rather than at the micro-relief scale and this was taken into account. DSM data were also resampled to match the Landsat resolution and coordinates. To analyse the impact of DSM spatial resolution, the 3-second global SRTM data set (derived from aggregation of the original 1-second SRTM data) was also used. The pre-processing method for the 3 second data was the same as for the 1-second data except for the final re-scaling by the Gaussian filter as the data are already at a much coarser scale than the 1-second data.
Landsat 5 images were provided by the National Earth Observation Group, Geoscience Australia. The Landsat images were orthocorrected with a latitude and longitude (geographic) projection as in Li et al. (2010b) where the BRDF and atmospheric correction algorithm is described. Figure 1 shows the terrain corrected results for the two study sites using the 1-second DSM data. The images were processed using two different algorithms: (1) with BRDF and atmospheric correction only and (2) with BRDF and atmospheric correction plus topographic correction. Comparing Figures 1a, b , c, and d, we can clearly see the terrain effect at hillslope scale has been significantly reduced in Figures 1b and 1d when compared with BRDF and atmospheric correction only (Figures 1a and 1c) .
RESULTS AND DISCUSSION
The resolution and quality of DSM data is very important to ensure the accuracy of current terrain correction. The topographic correction error from DSM data included three different types, i.e., error from the DSM artefacts, error from mismatched pixel coordinates between DSM and Landsat images and error from within pixel DSM variation.
(a) (b) (c) Figure 2 . The impact of DSM data on the accuracy of terrain correction for the south Blue Mountains image of Sept. 22, 2006 (a) False colour composite images (bands 4, 3, 2) with BRDF and atmospheric correction only, (b) False colour composite images (bands 4, 3, 2, yellow colour is detected as shadows) with BRDF and atmospheric correction plus terrain illumination correction, and (c) DSM data of the same area.
In the processing, the DSM data were smoothed to filter out some artefacts (see Section 3). However, this technique could not remove all artefacts. A typical example is in the Blue Mountains area where the SRTM radar often could not reach into gorges due to the depression angle. This results in some areas being "filled in" by the radar so that the valleys seem shallow and some areas not having validated DSM data. In such cases, other sources (existing DSMs) were used to fill in the values as in the 1-second DSM product. The consequence is that some bright areas in the original images were even brighter or masked out as computed shadows. By contrast, some dark areas were not masked as shadows or appeared even darker. Figure 2 shows an example of this. Some of the brighter and masked pixels (yellow colour) of Figure 2b are associated with artefacts in the DSM data (Figure 2c ). In this area, the DSM creates artificial slopes and shadows while the real shadows are not masked. However, it is impossible to avoid this kind of error until higher quality DSM data sets become available in the future. Mismatch between DSM and Landsat pixel coordinates can cause significant error for the correction, particularly for pixels around the ridges and gully floors. If pixel coordinates between DSM and satellite images are not consistent then sometimes the DSM data may show the pixel to be in the slope away from the sun, whereas, in Landsat, it may be located in a slope facing the sun with relatively large at-sensor radiance. In this case, after correction, the corrected reflectance will be very large. On the other hand, if the DSM has the pixel in the slope facing the sun, but in the Landsat, it is located in the slope away from the sun with small at-sensor radiance, then after correction, the corrected reflectance will be smaller. To test this, we shifted two DSM pixels in the west direction using the September 22, 2006 image to see how the results changed. Table 1 shows some results from five selected pixels which were both facing and away from the sun. The results from Table 1 clearly show how pixel mismatch affects the accuracy of the product. The reflectance factor can change from 0.30 in correctly matched DSM and Landsat data to 0.50 in poorly matched coordinates. In some areas, the difference will be larger than this. The results can also be seen clearly from the images (see Figure 3) where the well registered image removed most of the shadow, but the poorly co-registered image did not.
(a) (b) Figure 3 . The impact of co-registration between DSM and Landsat images on the accuracy of terrain correction for the south Blue Mountains site (a) accurate co-registered false colour composite images (bands 4, 3, 2, white colour is detected as shadow) (a) mis-registered false colour composite images (bands 4, 3, 2, white colour is detected as shadow).
For some pixels, although DSM coordinates match perfectly with Landsat coordinates, due to the within pixel DSM variation, in some areas, eg. gully and ridge areas, the reflectance factors can not be fully corrected. As a result, shadows cannot be removed completely in some areas and surface reflectance factors are overcorrected in other areas. In analysing this, we applied the topographic correction algorithm using two different DSM data sets based on the 1-second SRTM data and the 3-second global SRTM data. The same sub area was extracted from the Landsat images. Figure 4 shows the comparison. The figure clearly shows that the 1-second DSM data can remove more shadows (Figure 4a ), whereas 3-second DSM removed fewer shadows (Figure 4b ). It can be seen from Figure 4 that the 3-second DSM data leaves a residual texture of light and shade that is at the "hillslope" scale. Therefore, the 3-second DSM is too coarse to achieve the accuracy of the correction than the 1-second DSM data. However, more work is needed to test whether the residual shadows from correction using the 3-second DSM affects land cover mapping and other applications. At present, the best SRTM DSM data (1-second) are around 30 m resolution and Landsat data are also at 30 m resolution. The 1-second DSM data are sufficient to correct Landsat data which have similar spatial resolution with DSM for most areas. However, for some areas where terrain variations are at a finer spatial resolution, it is difficult to remove shadows using the 1-second DSM data and Landsat data. In some areas, the coarse resolution of both DSM and Landsat data result in a larger value for the calculated slope angle, this could imply low or no radiation from the sun. However, there is still a large amount solar radiation incident within the extent of the pixel on account of finer terrain variations within the slope. Therefore, overcorrection can not be avoided in this situation. Whether better than 1-second DSM data, or a modified algorithm, can improve the accuracy of correction for the terrain variations at a finer resolution and high resolution satellite images needs further investigation.
(a) (b) Figure 4 . The impact of DSM spatial resolution on the accuracy of terrain correction for the south Blue Mountains site (a) using 1-second DSM data (a) using 3-second DSM.
CONCLUSIONS
A physics based coupled BRDF and atmospheric correction model can be applied to both flat and inclined surfaces and has been shown to reduce most of the BRDF, atmospheric and topographic effects at the scale of Landsat data. However, the accuracy of the DSM based topographic correction method depends on the quality of DSM data, its co-registration with Landsat data as well its spatial resolution.
The presence of artefacts in DSM data can cause significant error in the terrain correction process. On one hand, it results in false shadows and over corrected surface reflectance factors. On the other, it is unable to detect the shadow and retrieve reflectance in the slopes away from the sun. Fortunately, these errors tend to be localised and easy to identify.
The accuracy of co-registration between satellite and DSM data is important for the topographic correction of satellite images. Mis-registration by one or two pixels can lead to large errors in the gully and ridge areas. Therefore, accurate registration of satellite images and DSM data are necessary to ensure the accuracy of the correction. As SRTM registration may be near a half pixel compared with GPS, this will probably require that terrain-corrected products be based on precision processed, ortho-corrected images rather than current standard precision images.
The use of low resolution DSM data to correct high resolution satellite images does not provide as high quality results as using the high resolution DSM. However, further investigation is needed to establish how the residual shadows from using a lower resolution DSM will affect landcover mapping or other time series applications of surface reflectance data. But it is clear that DSM data at a scale appropriate for the satellite data and the scale of hillslopes modifying the irradiance are necessary to correct high resolution satellite images.
